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Introduction {#sec001}
============

Visual exposure to an environment produces changes in visual function that improve neural efficiency and/or perceptual performance, via processes collectively known as visual adaptation. A paradigmatic case is dark adaptation, where exposure to low light levels engages a number of processes that allow us to see well in dim lighting.

It is not difficult, however, to find situations where adaptation actually *harms* performance on a given task. In the motion aftereffect, for example, prolonged viewing of a moving pattern may cause a physically stationary object to incorrectly appear as if it is moving (e.g., \[[@pone.0229343.ref001]\]). And in classical work on contrast adaptation, exposure to a high contrast grating can cause detection thresholds for similar gratings to more than double (e.g., \[[@pone.0229343.ref002]\]). Contrast adaptation can also cause differently oriented gratings to appear tilted several degrees away from their true orientation (the tilt aftereffect, e.g., \[[@pone.0229343.ref003]\]).

These negative effects arise in part because adaptation that is beneficial for some tasks can be detrimental for others \[[@pone.0229343.ref004]\]. For example, despite harming detection, contrast adaptation can aid performance on visual search tasks, by increasing the salience of targets that differ from the adapter \[[@pone.0229343.ref005]\]. Thus, the net effects of adaptation on performance can be more or less beneficial, depending upon what tasks are being performed.

Is adaptation controlled in a way that considers these effects of task? If so, adaptation should depend on not just the environment to which the visual system is exposed, but also on what observers are doing within that environment. Here, we test this hypothesis, by examining whether task can affect the visual system's adaptive state. While short-term effects of task on basic visual processing have been reported \[[@pone.0229343.ref006]\], it is unknown whether it can affect the longer-term processes of visual adaptation.

In our experiments, observers adapted to a high contrast grating. Effects of contrast adaptation on orientation, known as tilt aftereffects (TAEs), were measured using a plaid pattern. Observers also performed one of two secondary tasks, on stimuli that were interleaved with the plaid. In one, observers were asked to judge low contrast gratings. In this task contrast adaptation would be expected to reduce the visibility of an already difficult to see stimulus, and so make performance difficult. In the other task, observers judged a relatively high contrast circle, and adaptation was expected to not affect performance. Importantly the displays presented during both secondary tasks were identical. We predicted that if adaptation depends upon task, then it should be reduced when observers perform the task where adaptation had the potential to hurt performance.

Material and methods {#sec002}
====================

Participants {#sec003}
------------

Ten volunteers (mean age: 21.2 years, SD: 1.8) participated in Experiment 1, and ten volunteers (mean age: 19.4 years, SD: 1.2) participated in Experiment 2. Our sample size was within the range of that used in the prior literature on contrast adaptation. All participants had normal or corrected to normal visual acuity, and gave written consent to participate under a protocol approved by the University of Minnesota IRB. The study was conducted in accordance with the Declaration of Helsinki. In Experiment 1, data from one participant was excluded from analysis, as they performed at chance level in the secondary task in multiple test sessions, indicating they were not following instructions.

Apparatus {#sec004}
---------

Stimulus presentation, timing and keyboard responses were controlled with custom software programmed in Python 2.7 using the PsychoPy library \[[@pone.0229343.ref007],[@pone.0229343.ref008]\]. Head position was stabilized with a chin rest. In experiment 1, stimuli were generated by and presented on a 13" MacBook pro (1920x1080 at 60 Hz). Experiment 2 was controlled by a Mac Mini computer, that presented stimuli on a CRT screen (1024x768 pixels at 60 Hz). Mean display luminance was 42 candelas/meter^2^; presented luminances were measured with a PhotoResearch PR-655 and the displayed levels were linearized using software look-up tables.

Methods: Experiment 1 {#sec005}
=====================

Stimuli {#sec006}
-------

The adapting stimulus was a full contrast vertical sinusoidal Gabor grating of size 10 x 10 visual degrees, with spatial frequency of 2 cycles per degree (cpd) of visual angle and envelope standard deviation (sd) of 1.66 deg ([Fig 1A](#pone.0229343.g001){ref-type="fig"}). During adaptation, the phase of the adapter was randomized at 10 Hz.

![Stimuli and tasks.\
Panel A shows the adapting grating, a 2 cycle per degree Gabor pattern. Panel B shows the test stimulus used for the tilt aftereffect (TAE) task. Two orthogonal oblique sinusoidal gratings are combined to form a plaid of checks. In the TAE Task, participants adjusted the tilt of the oblique gratings, which changed the aspect ratio of the squares of the plaid, with the goal of making the checks appear square. Panel C shows the secondary test stimuli used for the secondary tasks. Two low contrast Gabors were displayed that differed in spatial frequency between the two images. A dot was displayed within a circular window at the center of each image, and the luminance of the dot differed between images. In the Grating task, participants judged which image had higher spatial frequency, and in the Fixation Task participants judged which dot had higher luminance.](pone.0229343.g001){#pone.0229343.g001}

The test stimulus for the tilt aftereffect ([Fig 1B](#pone.0229343.g001){ref-type="fig"}) was a plaid made up of two 2 cpd sine wave component gratings symmetrically tilted from vertical and summed, which resembled a blurred checkerboard pattern. The plaid subtended 4 deg of visual angle in a circular window and was presented at the fovea for 100 msec durations.

For secondary tasks, participants made discriminations performed on different aspects of the same secondary test stimulus: a low-contrast (2%) vertical 2 cpd Gabor grating with a 6 deg diameter and a spatial standard deviation of 1 deg, with a diagonally oriented fixation cross presented on a mean grey circle of 0.32 deg diameter in the center (see [Fig 1C](#pone.0229343.g001){ref-type="fig"}). A small dot of .06 deg diameter was superimposed on the center of the fixation cross. The secondary test stimulus was presented for 100 msec durations.

Tasks {#sec007}
-----

To quantify the strength of adaptation, we measured a version of the tilt-aftereffect (TAE) using plaid patterns \[[@pone.0229343.ref009]\]. We call this the *TAE Task*. When the component gratings of a plaid are tilted at +/- 45 degrees, the blurred checks that comprise the plaid are square, having identical height and width. With increased or decreased tilt (away from vertical) the checks become rectangles that are wider or thinner than exact squares. Adapting to a high contrast vertical pattern generally causes a reduction in sensitivity to vertical, and a "repulsive" aftereffect where oriented patterns are perceived as tilted away from the adapter. In the present TAE task this is reflected by increased perceived tilt of the component gratings, making the checks look wider than they would look without adaptation.

The task for participants was to cancel these changes in check shape, to make the checks appear square, over a sequence of trials. In each trial, subjects viewed a plaid and adjusted the physical tilt of the gratings using 1 of 8 response keys (a, s, d, f, h, j, k, or l), that changed the orientation of the component gratings symmetrically by 2, 1.5, 1, 0.5, -0.5, -1, -1.5, and -2 degrees, respectively. The orientations of the gratings in the plaid were updated based on the subjects' response, and these updated orientations were presented in the next trial.

Participants also performed one of two secondary tasks, interleaved with the TAE task. Observers viewed versions of the secondary test display presented in two intervals. In one secondary task, called the *Grating Task* subjects performed a spatial frequency discrimination on the grating component of the display, indicating with a button press which of the two intervals contained a higher spatial frequency. In the other secondary task, called the *Fixation Task*, participants performed a luminance discrimination on the small dot in the display, indicating with a button press which interval was brighter.

In all trials, regardless of the task the participant was asked to perform, both spatial frequency and dot luminance differed in the two intervals, and the interval in which the higher spatial frequency grating was presented and the interval in which the higher luminance dot was presented were randomized independently. The size of the differences in spatial frequency and luminance were set at a level expected to produce 79% performance, as determined individually for each observer in a "pre-test" session, and were held constant throughout the main sessions.

Design and procedure {#sec008}
--------------------

The experiment consisted of a total of 6 sessions. In the first session participants trained on the TAE task, and the two secondary tasks, the Grating Task and the Fixation Task, each in separate blocks of trials. In the second session participants further trained the TAE task, and 79% correct thresholds were determined for both secondary tasks. Thresholds were measured in 3 blocks of 50 trials each. For each task, the stimulus difference used in the main experiment was set to the median threshold measured in the pre-test. In addition, participants performed a TAE pre-test in which 3 minutes of adaptation was followed by 1 minute of the TAE task. This was used to determine the initial orientations of the component gratings for the TAE task in the main sessions for the TAE task; main session blocks began with a test stimulus set to half the maximum TAE obtained in the pre-test.

In the four main sessions, participants performed one of the secondary tasks followed by TAE task ([Fig 2](#pone.0229343.g002){ref-type="fig"}). In these sessions, secondary task trials were immediately followed by TAE trials. Each trial lasted 1.5 sec; in secondary task trials two 100 msec intervals were followed by a 1.3 sec response interval, while for TAE trials, one 100 msec stimulus presentation interval was followed by a 1.4 sec response interval.

![Stimulus sequence.\
In the main testing sessions, a secondary task trial was immediately followed by a TAE Task trial. For the secondary task, the two stimuli were each displayed for 100 msec with a 200 msec gap between and an 1100 msec response period. For the TAE Task a 100 msec test presentation was followed by a 1400 msec response period.](pone.0229343.g002){#pone.0229343.g002}

The order of blocks in the main sessions is shown in [Fig 3](#pone.0229343.g003){ref-type="fig"}. Each main session started with a 2 min block of practice trials interleaving the TAE task with the secondary task for that particular session. Next, pre-adaptation baseline performance was measured, again in a 2 min block of trials. This was followed by 3 minutes of adaptation to vertical, and a 2 min block of trials to measure post adaptation performance. In two sessions the secondary task was the Grating Task, and in the other 2 sessions it was the Fixation Task, with order counterbalanced between participants.

![Design of experiments 1 and 2.\
Panel A shows the sequence and duration of blocks in the main sessions of Experiment 1. A 2 min block of practice was followed by a 2 min block of trials prior to adaptation (Baseline). Then 3 minutes of viewing the adapter stimulus was followed by an additional 2 min of trials (Test). Panel B shows the sequence of blocks for Experiment 2. Prior to adaptation, 30 sec practice blocks alternated with 1 min Baseline blocks. Twelve blocks of each were performed with the secondary task switching after each Baseline block. Next, during adaptation, 30 sec practice blocks alternated with 1 min blocks of trials (Test) with 1 min of the adapting grating presented in between. Again, twelve blocks of each were performed, with the secondary task switching after each Test block. (see text for details).](pone.0229343.g003){#pone.0229343.g003}

Data analysis {#sec009}
=============

TAE results were plotted as estimates of the orientation of the plaid components that appeared square. These were computed as the average presented orientation on each trial. Because the presented orientation was determined by a staircase-like procedure (based on the participants' responses that attempted to make the checks appear square; see Tasks above), it is possible that simply averaging the presented orientations would produce a biased estimate. To test whether simple averaging of the staircase levels was a reasonable estimate, we performed a Monte-Carlo simulation of our experiment with a model observer responding. The model observer's orientation that appeared square started at 48 degrees and decayed exponentially over time with a time constant 0.03, which produced a "true" effect similar to those seen in our and other studies. On each simulated trial, noise was added to the presented orientation, and the observer used a simple multiple threshold decision model to pick its response. Averaging across 10,000 simulations, the estimate obtained from simple averaging of the presented orientation fell close to the model observer's true effect and did not reliably differ from it.

Methods: Experiment 2 {#sec010}
=====================

Stimuli and tasks {#sec011}
-----------------

Stimuli were identical to those used in Experiment 1, except for the secondary task display, where in one of the two images the grating was oriented horizontally and in one it was oriented vertically. The interval in which a particular orientation was presented alternated from trial to trial.

Design and procedure {#sec012}
--------------------

In an initial session, participants trained on the TAE, Grating, and Fixation tasks, following a similar procedure as in Experiment 1. In the second session participants further trained the TAE task and 79% correct thresholds were determined for the secondary tasks. Both secondary tasks were performed in 3 blocks of 50 trials each. For each task, the stimulus increment used in the main experiment was set to the median threshold measured in the pre-test for each participant. In addition, participants performed a pre-test in which 1 minutes of adaptation was followed by 1 minute of the TAE task. The maximum TAE from this pre-test was used as the starting value of the TAE task in adaptation blocks of the main sessions. The average of the median tilt values from the final two TAE task practice blocks (without adaptation) was used as the starting value of the TAE task in main session baseline blocks.

The two main sessions contained more blocks of trials than in Experiment 1, and both secondary tasks were performed in separate blocks in each session. Each main session started with 12 baseline blocks of 1 minute each (see [Fig 2](#pone.0229343.g002){ref-type="fig"}). In each block the TAE task was followed by either the Grating Task or the Fixation Task. Which secondary task was performed alternated between blocks, and participants started with a different secondary task in each of the 2 sessions. Note that secondary task display was identical, regardless of which secondary task was performed. To aid transition between secondary tasks, each block was preceded by 30 seconds of practice on the task combination that had to be done during that particular block. Trials were as in the previous experiment.

Following the 12 baseline blocks, participants performed 12 adaptation blocks. These were identical to the baseline blocks, except that the secondary task practice was followed by 1 minute of adaptation to a full contrast vertical grating.

Results: Experiment 1 {#sec013}
=====================

The goal of Experiment 1 was to test whether adaptation, as measured by the TAE, was influenced by performance of an additional task. Our hypothesis was that participants would show more rapid decay of adaptation when it would be expected to hinder task performance. The secondary task was either a spatial frequency discrimination task (the Grating Task) or a brightness discrimination task on a small dot presented at the fovea (the Fixation Task). Adaptation should be costly when performing the Grating Task, since it reduces sensitivity to vertical, making the test grating difficult to see, and presumably to judge, potentially lowering performance. Conversely, the vertical gratings were distractors while performing the Fixation Task, and reducing sensitivity to them should, if anything, aid performance.

Effects of adaptation, measured with the TAE task, are shown in [Fig 4](#pone.0229343.g004){ref-type="fig"}. Plotted points are estimates of the orientation of the plaid components that appeared square, computed as the average presented orientation on each trial ([Fig 4](#pone.0229343.g004){ref-type="fig"}, left). Baseline trials hovered around 45 degrees (dotted lines; after the adaptive procedure moved from its starting value over the first few trials); this orientation that produces physically square checks. Three minutes of adaptation to the vertical grating produced a repulsive aftereffect, and observers cancelled this effect by setting the component gratings closer to vertical (solid lines). This adaptation decayed over time. To account for across subject differences in baseline (the plaid configuration that appeared square without adaptation), we computed a net TAE by subtracting baseline from adaptation for each observer. This net TAE score is plotted in [Fig 4](#pone.0229343.g004){ref-type="fig"}, right.

![Results of experiment 1.\
The left panel shows results of the TAE Task, when interleaved with the Grating Task (red) and with the Fixation Task (blue), during baseline (before adaptation., dotted) and following adaptation (solid). The right panel shows effects of adaptation computed by subtracting the baseline TAE from TAE after adaptation, for each secondary task, separately. Lines plot means across participants and error ribbons indicate +/- one standard error of the mean.](pone.0229343.g004){#pone.0229343.g004}

The data showed an overall trend towards more rapid decay of adaptation in the Grating condition than in the Fixation condition. We computed the total tilt-aftereffect by taking area underneath the baseline-corrected TAE time courses. This score was reliably larger in the Fixation condition, as tested with a paired samples t-test (*t*(8) = 2.3, *p* \< 0.05).

As an exploratory analysis, we examined the TAE separately for the first and second sessions in which subjects performed each task ([Fig 5](#pone.0229343.g005){ref-type="fig"}). We reasoned it was possible that learning to perform the concurrent tasks could affect our results. In the first session, there was again a reliably larger TAE in the Fixation task as compared to the Grating task (*t*(8) = 2.3, *p* \< 0.05). This difference was smaller and less reliable in the second session (*t*(8) = 1.5, *p* \< 0.17).

![Results of experiment 1 by session.\
The left and right panels show raw results and effects with baseline subtracted, as in Fig 5. Panel A shows results for the first session, and panel B for the second session. Plotting conventions are as in [Fig 4](#pone.0229343.g004){ref-type="fig"}.](pone.0229343.g005){#pone.0229343.g005}

Finally, we examined whether our assumption regarding task---that performance on the Grating task would be more challenged by adaptation than performance on the fixation task---was reflected in the data. Because adaptation was strongest in the first 40 sec of testing, we computed average performance over that interval and the two successive 40 sec periods. Performance on the Grating task was reliably reduced following adaptation during this first interval ([Fig 6](#pone.0229343.g006){ref-type="fig"}; *t*(8) = 2.8, *p* \< 0.03). Performance was reduced numerically, but not reduced reliably for the Fixation task (*t*(8) = 1.3 *p* \> 0.2), and the difference between the two tasks was not reliable (*p*\> 0.5).

![Performance on secondary tasks.\
Mean performance on the Grating Task and the Fixation Task shown during baseline (before adaptation) and following adaptation. Bars represent three 40-sec time bins over which performance was computed. Error bars represent +/- one SEM.](pone.0229343.g006){#pone.0229343.g006}

Overall, results generally supported the hypothesis that adaptation is affected by task: Total TAE was smaller when observer performed the Grating Task, than when they performed the Fixation Task. Additionally, supporting our assumption when designing the tasks, performance in the Grating Task was affected by adaptation, while for the Fixation Task it was not. We hypothesize that because adaptation lessened the effective visual contrast available for performance of the Grating Task, the visual system counteracted its effects, causing adaptation to decay more rapidly.

One complication in the data is that performance on the plaid task differed as a function of task during the baseline blocks. Differential effects of attention in the two conditions may explain these differences. When participants attend the gratings in the secondary task display, they may have produced the small amount of contrast adaptation that was measured by the TAE task during baseline. This effect may have been reduced in the Fixation Task, when subjects did not attend the gratings. Such an effect, however, should also arise during the adaptation blocks, and in this case subtracting the two would cancel it out.

It remains possible, however, that the baseline differences were due to unrelated factors, such as noise of some sort, in which case they may explain, all by themselves, the differences in total TAE observed between tasks. Accordingly, we designed Experiment 2 to minimize possible differences in baseline performance.

Results: Experiment 2 {#sec014}
=====================

Experiment 2 modified procedures to reduce baseline differences, and added other improvements to the design. First, to minimize possible contrast adaptation during the secondary task at baseline, we changed the orientation of one of the two grating presentations in the secondary task display. Specifically, within each trial we presented one of the gratings horizontally and one vertically, which should reduce the orientation-specific adaptation that is measured by the TAE task. This change was made both during baseline and adaptation blocks.

We also changed the starting values of the component gratings in the TAE task. In Experiment 1, the orientation of the gratings was initialized to the same value in both baseline and adaptation blocks. This caused us to underestimate the magnitude of the TAE at the beginning of the adaptation blocks, where it was expected to be strongest. In Experiment 2, the test plaid was initialized in adaptation blocks to match the observer's peak TAE level, as estimated in a pre-test, while baseline blocks started at the participant's baseline TAE level, also estimated during a pre-test.

Finally, to increase the reliability of our data in Experiment 2, both secondary task conditions were run in each session, and each was repeated 6 times per session, in alternating 1 min blocks. In order to accomplish this in a reasonable total session length, we shortened the adaptation duration from 3 minutes to 1 minute (See [Fig 3B](#pone.0229343.g003){ref-type="fig"}, Methods section).

As in Experiment 1 we expected adaptation to decay faster for the task where it would be detrimental to performance, i.e. the Grating Task. [Fig 7](#pone.0229343.g007){ref-type="fig"} show the results for Experiment 2, and there was an overall trend in this direction. Note that the curves are much smoother because they are averages of many more blocks per condition. Total adaptation, as measured by area under the TAE decay curve, was numerically weaker during performance of the Grating Task than the Fixation Task, but this difference was not reliable (*t*(8) = 1.8, *p* \< .16). Because exploratory analysis of Exp 1 revealed stronger effects of task in the first session, we next examined results for each session separately.

![Results of experiment 2.\
The left panel shows results of the TAE Task, when interleaved with the Grating Task (red) and with the Fixation Task (blue), before (dotted) and after adaptation (solid). The right panel shows effects of adaptation computed by subtracting baseline TAE from TAE after adaptation, for each secondary task, separately. Lines plot means across participants and error ribbons indicate +/- one standard error of the mean.](pone.0229343.g007){#pone.0229343.g007}

In the first session, total adaptation was reliably weaker when subjects performed the Grating task than when they performed the Fixation task ([Fig 8A](#pone.0229343.g008){ref-type="fig"}; *p* \< 0.01, non-parametric signed-rank test used because of non-normal distribution of data). The difference was not reliable in the second testing session ([Fig 8B](#pone.0229343.g008){ref-type="fig"}; *p* \> 0.5). In addition, while there was a small baseline difference between tasks in the first testing session, the difference in total adaptation was reliable even without correcting for baseline (*p* \< 0.02, non-parametric signed-rank test).

![Results of experiment 2 divided by session.\
The top and bottom panels show results for the first and second session, respectively. Plotting conventions are as in [Fig 7](#pone.0229343.g007){ref-type="fig"}.](pone.0229343.g008){#pone.0229343.g008}

We again analyzed the performance on the secondary tasks, before and after adaptation ([Fig 9](#pone.0229343.g009){ref-type="fig"}). Performance on the Grating task was again reliably reduced following adaptation during the first interval (*t*(8) = 3.9, *p* \< 0.01). Performance was reduced numerically, but not reliably for the Fixation task (*p* \> 0.5). The difference between the two tasks was not reliable (*t*(8) = 1.9, *p* \< 0.09).

![Performance on secondary tasks.\
Mean performance on the Grating Task and the Fixation Task in Exp. 2 is shown. Plotting conventions are as in [Fig 6](#pone.0229343.g006){ref-type="fig"}.](pone.0229343.g009){#pone.0229343.g009}

A final exploratory analysis examined why the differential effects of task were stronger in the first session in both experiments. One possibility is that with practice, people learn to switch between different adaptive states for the TAE and secondary tasks, leading to greater independence of the two. Past work has suggested that learning can influence adaptation \[[@pone.0229343.ref010],[@pone.0229343.ref011],[@pone.0229343.ref012]\]. Examining secondary task performance from both experiments, separated by session, supports this explanation ([Fig 10](#pone.0229343.g010){ref-type="fig"}). As expected, adaptation had the largest effect on the Grating Task. However, this mainly occurred during the first testing session (where the Grating Task showed a significantly larger decrement in performance than the Fixation Task at the first time bin (t(17) = 2.5 p \< 0.025)), consistent with the possibility that the secondary task became more independent of adaptation over time.

![Pooled secondary task performance.\
Mean change in performance between baseline and adaptation conditions for the Grating Task and the Fixation Task is shown, pooled across both experiments. Other plotting conventions are as in [Fig 9](#pone.0229343.g009){ref-type="fig"}.](pone.0229343.g010){#pone.0229343.g010}

General discussion {#sec015}
==================

Two experiments measured the strength of adaptation while subjects performed two concurrent tasks: one in which adaptation was expected to be detrimental to performance and one where it had little impact. More rapid decay of adaptation was observed in the case where it was expected to be detrimental to performance. These results suggest that the processes controlling adaptation are sensitive to the task the observer is performing.

Adaptation is generally theorized to be a way in which the visual system optimizes its function (for reviews, see \[[@pone.0229343.ref013],[@pone.0229343.ref014],[@pone.0229343.ref015]\]). Most of these theories propose that adaptation improves neural representations of stimuli, without considering the particular task the observer is currently performing but see \[[@pone.0229343.ref004]\]. Our results argue that such theories are incomplete, and that visual task performance must be taken into account in the control of adaptation.

Prior work has revealed other ways in which the visual system adjusts to aid performance of the task. For example, performing tasks that require high visual acuity appears to increase response in neurons that represent the high spatial frequency information required for the task \[[@pone.0229343.ref006]\]. Relatedly, visual attention can enhance neural responses that are most informative for a given task \[[@pone.0229343.ref016]\]. In our experiments, task performance appeared to alter not just immediate neural responsiveness, but also the longer-term effects of visual adaptation.

More generally, because the visual display was identical in both task conditions, our results also indicate that adaptation is not determined by the stimulus alone. This interpretation agrees with past work showing that changing visual attention can influence the amount of adaptation a given stimulus produces (e.g. \[[@pone.0229343.ref017],[@pone.0229343.ref018]\]). Whether attention can affect adaptation, and by how much, remains a topic of some debate \[[@pone.0229343.ref018],[@pone.0229343.ref019]\]. Both sides of this debate assume a similar "standard" model of how attention and adaptation interact: Attention strengthens certain neural responses to the attended stimuli in early visual cortex, and these larger responses in turn produce greater amounts of adaptation.

This standard model cannot explain our results. The adapting stimulus, a high contrast vertical grating patch, was presented under identical neutral attention conditions in all conditions (and prior to task performance). Our experiment measured effects of the secondary task on the decay of adaptation produced under this common condition. It is theoretically possible, however, that attention influenced some amount of adaptation arising from the secondary task display itself. But such effects are not likely to play a role in our results, since they would be expected to go in the opposite direction from what we observed. In the Grating Task, attention to the grating should boost the neural response it produces, which would be expected to produce adaptation that decreases response to subsequent low-contrast stimuli. Such an effect would be in the same direction as that produced by the high contrast adapting grating, and so should enhance the overall amount of adaptation seen. Importantly, the effect we observed was opposite to this---the Grating Task reduced overall adaptation.

Attention is, however, a potential mechanism through which task could affect adaptation. In the Grating Task, for example, attention to the low contrast grating could increase the amount of adaptation to that grating. Adaptation to low contrast generally produces the opposite effect of adaptation to high contrast (e.g. \[[@pone.0229343.ref020]\]), and so would raise the gain of neurons whose gain responsiveness was reduced by the initial adaptation, causing more rapid decay of the TAE.

Note that this account proposes a gating effect of attention, on adaptation, which differs from the standard model discussed above. Functionally, this attention-mediated, task-based adaptation to low contrast could serve to center the response to the grating on the steep part of the responding neurons' contrast response curve (e.g. \[[@pone.0229343.ref021]\]). Alternatively, the same adaptation might be characterized as increasing the signal-to-noise of the most important information for the task (e.g. \[[@pone.0229343.ref022]\]). These accounts are not mutually exclusive.

The orientation specific contrast adaptation measured by the TAE task in the present work likely originates to a large extent in primary visual cortex (V1), the first in the hierarchical stream of visual areas in cortex. It is possible that effects of task could influence processes controlling adaptation within this early stage. Adaptation is inherited by later stages of visual processing \[[@pone.0229343.ref023],[@pone.0229343.ref024]\], however, and so task could also affect responses there.

Our results are limited in several ways, however. First, the empirical results supporting our assumption that adaptation harms task performance more for the Grating Task than for the Fixation Task could be stronger. While we indeed find an effect of adaptation on performance for the Grating Task, and find no effect on the Fixation Task, the interaction between adaptation and task was only statistically significant when pooling over both experiments. Second, and more critically, the effect of task on adaptation was seen primarily during the first testing session. Our account of why this may be so- that participants learned to perform the secondary task independently of the effects of adaptation- is speculative, though plausible based on past work \[[@pone.0229343.ref011]\]. It additionally suggests that in some circumstances adaptation may not need to be regulated by task.

Finally, relative to overall effects of adaptation, its modulation by task was not large in absolute terms. Characterizing when task performance can affect adaptation, and by how much, including in natural viewing during natural tasks, is an important line for future research. Nevertheless, our results provide reasonably strong support that task can affect the strength of adaptation.

Conclusions {#sec016}
===========

Visual adaptation likely optimizes the visual system with respect to many different criteria simultaneously. Criteria identified in past work include the precision with which individual neurons can represent changes in the visual stimulus (e.g., \[[@pone.0229343.ref025]\]), the representational capacity of a collection of neurons (e.g., \[[@pone.0229343.ref026]\]), the independence with which different neurons produce spikes (e.g., \[[@pone.0229343.ref027]\]), the ability to maintain perceptual constancy (e.g., \[[@pone.0229343.ref028]\]), the ability of neurons to respond robustly to novel patterns of stimulation \[[@pone.0229343.ref029]\], and others (many reviewed by \[[@pone.0229343.ref013],[@pone.0229343.ref014],[@pone.0229343.ref015]\]). Many of these criteria may be closely related, and could be subserved by common neural mechanisms, while others may conflict with one another. Regardless, the present results add task performance to this list. How the visual system optimizes for many criteria simultaneously remains an important question for future research, both theoretical and empirical.
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A rebuttal letter that responds to each point raised by the academic editor and reviewer(s). This letter should be uploaded as separate file and labeled \'Response to Reviewers\'.A marked-up copy of your manuscript that highlights changes made to the original version. This file should be uploaded as separate file and labeled \'Revised Manuscript with Track Changes\'.An unmarked version of your revised paper without tracked changes. This file should be uploaded as separate file and labeled \'Manuscript\'.

Please note while forming your response, if your article is accepted, you may have the opportunity to make the peer review history publicly available. The record will include editor decision letters (with reviews) and your responses to reviewer comments. If eligible, we will contact you to opt in or out.

We look forward to receiving your revised manuscript.

Kind regards,

Mark W. Greenlee

Academic Editor

PLOS ONE

Journal Requirements:

1\. When submitting your revision, we need you to address these additional requirements.

Please ensure that your manuscript meets PLOS ONE\'s style requirements, including those for file naming. The PLOS ONE style templates can be found at

<http://www.journals.plos.org/plosone/s/file?id=wjVg/PLOSOne_formatting_sample_main_body.pdf> and <http://www.journals.plos.org/plosone/s/file?id=ba62/PLOSOne_formatting_sample_title_authors_affiliations.pdf>
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Reviewers\' comments:

Reviewer\'s Responses to Questions

**Comments to the Author**

1\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: No

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

2\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

3\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

4\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

5\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: Comments in page order

1\. Line 44: It\'s true that threshold elevation after contrast adaptation is substantial, but a bit of an exaggeration to say that \"a high contrast grating can cause detection thresholds for similar gratings to increase by orders of magnitude (e.g., Blakemore & Campbell, 1969).\" I can\'t recall any studies finding more than about a 5x increase in threshold, even with high contrast and long duration - ie. less than 1 order of magnitude.

2\. Line 91: How were head position and head orientation controlled ? In an experiment on tilt aftereffects, this is important.

3\. Was the display gamma-corrected? What was its mean luminance?

4\. Line 96-107: Somewhere, need to state both the spatial spread constant (sigma) of the adapting Gabor, and the characteristics (e.g. SF, sigma, duration) of the test Gabor.

5\. The illustration of timing in Fig 1B is very confusing: it appears to show the TAE test stimulus being shown immediately after the two secondary task intervals - but the text clearly implies that TAE and seondary stimuli were presented on separate, alternating trials of 1.5s each. Presumably Fig 1B is trying to save space by showing the two kinds of trials in a single sequence - but for the reader this really does not work. It might be clearer if the 4 kinds of trials (secondary vs TAE) x (baseline vs adaptation) were shown separately & clearly labelled, including an indication of when responses were made. The text on its own (p.6) is pretty clear, but Fig 1B creates confusion.

6\. Figure 2 is even more mystifying. How the sequence of trials unfolds over time is completely unclear to me. I can\'t even tell which way the time axis goes (down, up sideways ? Or maybe all three ?). There must be a better way of picturing all this\...And better labelling. For example, it is very unclear that the label \'Practice\' applies not only to the right-hand column of boxes (close to the label) but also to the left-hand column (rather remote). The authors should try to put themselves in the mind of the reader who is not already highly familiar with the procedure\...

7\. Line 220 \'Figure 2\' should be \'Figure 3\'

8\. Experiment 1: I think there are at least two very significant shortcomings in the results, that relate to both the method used and the way the results are presented.

\(i\) First, for Fig. 3 (left) it is stated that \"Plotted points are estimates of the orientation of the plaid components that appeared square, computed as the average presented orientation on each trial\". They are \'estimates\', yes, but it seems to me that they are quite likely to be biased ones. With this method of adjustment, the observer is trying to adjust the plaid (over trials) to appear \'square\', but during this time the plaid\'s appearance is changing as the aftereffect decays. Thus there is no way to tell from the data which stimulus presentations might be close to the perceptual null point (\'squareness\') and which ones are in transition, thus sitting below or above the null point. Perhaps the authors are assuming that these estimation errors will average out, but that seems to me a fairly hazardous assumption, especially when we find out that the effect of interest (a task-dependent difference in the TAE) is really quite small.

\(ii\) Second, it is stated (L. 227-230) that \"To account for across subject differences in baseline (the plaid configuration that appeared square without adaptation), we computed a net TAE by subtracting baseline from adaptation for each observer. \" This is a key point, because it is clear from the data (Fig 3) that the baseline the authors subtract is itself task-dependent, and not simply the average baseline over the two tasks. And close inspection of the TAE results (Fig 3) strongly suggests that the main difference in TAE for the two secondary tasks arises from the baseline data, not from the adaptation condition. This aspect of the data seriously undermines the authors\' interpretation, that there was \"stronger adaptation in the Fixation condition than in the Grating condition. (line 232-3)\".

9\. Experiment 2: The design of this experiment was tidied up in several ways, compared with Expt 1. The overall result was that there was now no significant effect of task on the TAE (p\<0.16, Fig 6). There was, however, a significant effect for the first half of the experiment (Fig. 7). Unfortunately the baseline results for this subset of data are not presented, so we cannot tell what contribution any baseline difference may have made to the effect of task on TAE.

10\. Discussion is interesting & wide-ranging, but I think it cannot overcome the basic weakness, or at the very least fragility, of the results. The case that \"the processes controlling adaptation are sensitive to the task the observer is performing\" is not convincingly supported.

Reviewer \#2: The authors examined whether visual adaption (tilt aftereffect) was affected by performance of an additional task. They predicted that "if adaptation depends upon task, then it should be reduced when observers perform the task where adaptation was expected to hurt performance." They adapted observers to a high contrast grating and measured decay of the tilt aftereffect while they performed a secondary task: either a spatial frequency discrimination on a grating or luminance discrimination on a small dot. In line with their hypothesis, the authors found that that adaptation was smaller when observers performed the spatial frequency discrimination. The conclude that adaptation is reduced when it impairs performance.

Overall, this is a well designed and implemented study. I have one substantive comment and a few minor ones.

1\. Throughout the authors assumed that adaptation made performance in the spatial frequency discrimination more "challenging" or "difficult" than the luminance discrimination but provide no data to support this claim. I would encourage them to present discrimination thresholds for both tasks before and after adaptation to substantiate the central tenet of their hypothesis.

Minor:

76: Our sample size was within the range of that used in the prior literature on contrast adaptation

Wouldn't a statistically power analysis of the required sample size be more appropriate here rather than just doing what other studies have done before?

86: How did they ensure a linear luminance (Gamma) correction on an LCD display (MacBook pro)?

89: typo - "Apparatus"

\*\*\*\*\*\*\*\*\*\*

6\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

Reviewer \#2: No

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files to be viewed.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>. Please note that Supporting Information files do not need this step.
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Author response to Decision Letter 0

9 Jan 2020

Response to reviews: Adaptation Is Weaker When It Harms Task Performance

We thank both reviewers and the editor for their helpful comments. We have addressed each one carefully, and believe that the manuscript is much stronger as a result. Below, we address the concerns point by point.

Reviewer \#1:

We thank the reviewer for the close read and thoughtful response.

Comment: "1. Line 44: It\'s true that threshold elevation after contrast adaptation is substantial, but a bit of an exaggeration to say that \"a high contrast grating can cause detection thresholds for similar gratings to increase by orders of magnitude (e.g., Blakemore & Campbell, 1969).\" I can\'t recall any studies finding more than about a 5x increase in threshold, even with high contrast and long duration - ie. less than 1 order of magnitude.

Response: We thank the reviewer for pointing this out, and have toned down the wording. The revised manuscript now reads (near line 43):

...exposure to a high contrast grating can cause detection thresholds for similar gratings to more than double.

Comment: "2. Line 91: How were head position and head orientation controlled? In an experiment on tilt aftereffects, this is important."

Response: Head position and orientation were stabilized with a chin-rest. We apologize for the oversight and now report this in the revised manuscript.

Comment: "3. Was the display gamma-corrected? What was its mean luminance?"

Response: Yes both were done. We now report that (near line 91):

Mean display luminance was 42 candelas/meter2; presented luminances were measured with a PhotoResearch PR-655 and the displayed levels were linearized using software look-up tables.

Comment: "4. Line 96-107: Somewhere, need to state both the spatial spread constant (sigma) of the adapting Gabor, and the characteristics (e.g. SF, sigma, duration) of the test Gabor."

Response: We thank the reviewer again for noticing our oversight. Sigmas for all Gabors were 1/6 of the stimulus size, and all test durations were 100 msec. We now report these in the revised manuscript.

Comment: "5. The illustration of timing in Fig 1B is very confusing: it appears to show the TAE test stimulus being shown immediately after the two secondary task intervals - but the text clearly implies that TAE and seondary stimuli were presented on separate, alternating trials of 1.5s each. Presumably Fig 1B is trying to save space by showing the two kinds of trials in a single sequence - but for the reader this really does not work. It might be clearer if the 4 kinds of trials (secondary vs TAE) x (baseline vs adaptation) were shown separately & clearly labelled, including an indication of when responses were made. The text on its own (p.6) is pretty clear, but Fig 1B creates confusion.

6\. Figure 2 is even more mystifying. How the sequence of trials unfolds over time is completely unclear to me. I can\'t even tell which way the time axis goes (down, up sideways ? Or maybe all three ?). There must be a better way of picturing all this\...And better labelling. For example, it is very unclear that the label \'Practice\' applies not only to the right-hand column of boxes (close to the label) but also to the left-hand column (rather remote). The authors should try to put themselves in the mind of the reader who is not already highly familiar with the procedure\..."

Response: We completely agree that the old methods figures were confusing, and we have revised them substantially, aiming for simplicity and comprehensibility. Please see revised Figures 1, 2, & 3.

Comment: "7. Line 220 \'Figure 2\' should be \'Figure 3\'"

Response: Corrected.

Comment: "8. Experiment 1: I think there are at least two very significant shortcomings in the results, that relate to both the method used and the way the results are presented.

\(i\) First, for Fig. 3 (left) it is stated that \"Plotted points are estimates of the orientation of the plaid components that appeared square, computed as the average presented orientation on each trial\". They are \'estimates\', yes, but it seems to me that they are quite likely to be biased ones. With this method of adjustment, the observer is trying to adjust the plaid (over trials) to appear \'square\', but during this time the plaid\'s appearance is changing as the aftereffect decays. Thus there is no way to tell from the data which stimulus presentations might be close to the perceptual null point (\'squareness\') and which ones are in transition, thus sitting below or above the null point. Perhaps the authors are assuming that these estimation errors will average out, but that seems to me a fairly hazardous assumption, especially when we find out that the effect of interest (a task-dependent difference in the TAE) is really quite small."

Response: This is point is well taken. To address concerns that averaging the presented orientation is a biased estimate of the point of subjective equality (orientations that produce square checks- neither too tall nor too short) we performed a simulation study. We assumed that simulated observers\' true aftereffects decayed exponentially: They had an internal variable that corresponded to their PSE, the orientations that would appear square to them, and this decreased exponentially over time following the rate of our average real observer. For the simulated observers we also used a simple decision rule to determine response, thresholding the difference between the presented stimulus and the value of the PSE variable. Using these rules we simulated 500 observers in our experiment, and found that the running average of presented orientation just slightly overestimated the value of the observers\' PSE. We attach a figure showing the results below, and now report the main findings of this simulation in the revised manuscript (near line 181):

TAE results were plotted as estimates of the orientation of the plaid components that appeared square. These were computed as the average presented orientation on each trial. Because the presented orientation was determined by a staircase-like procedure (based on the participants' responses that attempted to make the checks appear square; see Tasks above), it is possible that simply averaging the presented orientations would produce a biased estimate. To test whether simple averaging of the staircase levels was a reasonable estimate, we performed a Monte-Carlo simulation of our experiment with a model observer responding. The model observer's orientation that appeared square started at 48 degrees and decayed exponentially over time with a time constant 0.03, which produced a "true" effect similar to those seen in our and other studies. On each simulated trial, noise was added to the presented orientation, and the observer used a simple multiple threshold decision model to pick its response. Averaging across 10,000 simulations, the estimate obtained from simple averaging of the presented orientation fell close to the model observer's true effect and did not reliably differ from it.

Comment: "(ii) Second, it is stated (L. 227-230) that \"To account for across subject differences in baseline (the plaid configuration that appeared square without adaptation), we computed a net TAE by subtracting baseline from adaptation for each observer. \" This is a key point, because it is clear from the data (Fig 3) that the baseline the authors subtract is itself task-dependent, and not simply the average baseline over the two tasks. And close inspection of the TAE results (Fig 3) strongly suggests that the main difference in TAE for the two secondary tasks arises from the baseline data, not from the adaptation condition. This aspect of the data seriously undermines the authors\' interpretation, that there was 'stronger adaptation in the Fixation condition than in the Grating condition. (line 232-3)'."

Response: This is a good point, and the possibility was raised in our original manuscript, and served as the motivation for Exp. 2. We note that while it is possible that the baseline differences can be interpreted differently, there is also an interpretation favorable to our hypothesis: It could be that the lower baseline requires larger adaptation effects to produce the observed lack of difference. We now discuss this more completely in the revised manuscript (near line 286):

One complication in the data is that performance on the plaid task differed as a function of task during the baseline blocks. Differential effects of attention in the two conditions may explain these differences. When participants attend the gratings in the secondary task display, they may have produced the small amount of contrast adaptation that was measured by the TAE task. This effect may have been reduced in the Fixation Task, when subjects did not attend the gratings. Such an effect, however, should also arise both at baseline and during the adaptation blocks; in this case subtracting the two would cancel it out. It remains possible, however, that the baseline differences were due to unrelated factors, such as noise of some sort, in which case they may explain, all by themselves, the differences in total TAE observed between tasks. Accordingly, we designed Experiment 2 to minimize possible differences in baseline performance.

Comment: "9. Experiment 2: The design of this experiment was tidied up in several ways, compared with Expt 1. The overall result was that there was now no significant effect of task on the TAE (p\<0.16, Fig 6). There was, however, a significant effect for the first half of the experiment (Fig. 7). Unfortunately the baseline results for this subset of data are not presented, so we cannot tell what contribution any baseline difference may have made to the effect of task on TAE."

Response: We now report results more completely for the analysis where they were broken down by day, and show baseline effects for both days in the relevant Figures. While the Exp. 2 day 1 results do contain a small baseline difference, the difference in adaptation is statistically significant even without subtracting the baseline out. This suggests that task indeed does have an effect on adaptation. We report these results in the revised manuscript (near line 333):

In the first session, total adaptation was reliably weaker when subjects performed the Grating task than when they performed the Fixation task (Figure 8A; p \< 0.01, non-parametric signed-rank test used because of non-normal distribution of data). The difference was not reliable in the second testing session (Figure 8B; p \> 0.5). In addition, while there was a small baseline difference between tasks in the first testing session, the difference in total adaptation was reliable even without correcting for baseline (p \< 0.02, non-parametric signed-rank test).

Comment: "10. Discussion is interesting & wide-ranging, but I think it cannot overcome the basic weakness, or at the very least fragility, of the results. The case that \"the processes controlling adaptation are sensitive to the task the observer is performing\" is not convincingly supported."

Response: Hopefully the response to point 9 has allayed the reviewers concerns somewhat. We now acknowledge the possible fragility of effects in the revised manuscript. We believe that they are worth reporting nevertheless, since they make an important, and to our knowledge novel, theoretical point (near line 420):

...the effect of task on adaptation was seen primarily during the first testing session. Our account of why this may be so- that participants learned to perform the secondary task independently of the effects of adaptation- is speculative. It additionally suggests that, in some circumstances, adaptation may not need to be regulated by task. Finally, relative to overall effects of adaptation, its modulation by task was not large in absolute terms. Characterizing when task performance can affect adaptation, and by how much, including in natural viewing during natural tasks, is an important line for future research. Nevertheless, our results provide reasonably strong support that task can affect the strength of adaptation.

Reviewer \#2:

We thank the reviewer for the helpful comments.

Comment: "1. Throughout the authors assumed that adaptation made performance in the spatial frequency discrimination more "challenging" or "difficult" than the luminance discrimination but provide no data to support this claim. I would encourage them to present discrimination thresholds for both tasks before and after adaptation to substantiate the central tenet of their hypothesis."

Response: We presented performance on the secondary tasks in Figures 5 and 8 in the original manuscript, but did not discuss these results very extensively. These are new Figures 6 and 9 in the revised manuscript, and we have added discussion of them:

(near line 269) Finally, we examined whether our assumption, that performance on the Grating task would be more challenged by adaptation than performance on the fixation task, was reflected in the data. Because adaptation was strongest in the first 40 sec of testing, we computed average performance over that interval and the two successive 40 sec periods. Performance on the Grating task was reliably reduced following adaptation during this first interval (Figure 6; t(8) = 2.8, p \< 0.03). Performance was reduced numerically, but not reduced reliably for the Fixation task (t(8) = 1.3 p \> 0.2), and the difference between the two tasks was not reliable (p\> 0.5)....

(near line 342) We again analyzed the performance on the secondary tasks, before and after adaptation (Figure 9). Performance on the Grating task was again reliably reduced following adaptation during the first interval (t(8) = 3.9, p \< 0.01). Performance was reduced numerically, but not reliably for the Fixation task (p \> 0.5). The difference between the two tasks was not reliable (t(8) = 1.9, p \< 0.09).

Comment: "76: 'Our sample size was within the range of that used in the prior literature on contrast adaptation.' Wouldn't a statistically power analysis of the required sample size be more appropriate here rather than just doing what other studies have done before?"

Response: We agree that a power analysis would have been preferable, but because our paradigm was novel, we did not have good a priori estimates of our potential effect size (i.e. the difference in TAE between task conditions) and so we simply used sample sizes from the prior literature generally.

Comment: "86: How did they ensure a linear luminance (Gamma) correction on an LCD display (MacBook pro)?"

Response: We apologize for the oversight in reporting. We measured the display with a spectrophotometer and linearized it in software look-up tables. This has proven stable for LCD displays in our lab in general. We now report this in the revised manuscript:

Mean display luminance was 42 candelas/meter2; presented luminances were measured with a PhotoResearch PR-655 and the displayed levels were linearized using software look-up tables.

Comment: "89: typo - "Apparatus""

Response: Fixed
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Adaptation is weaker when it harms task performance

PLOS ONE

Dear Dr. Engel,

Thank you for submitting your manuscript to PLOS ONE. After careful consideration, we feel that it has merit but does not fully meet PLOS ONE's publication criteria as it currently stands. Therefore, we invite you to submit a revised version of the manuscript that addresses the points raised during the review process.

Please consider the recommendations made by Reviewer 1: \"Adaptation recovers more quickly when you attend to a low contrast grating than when you don\'t\" (see below). I think this is an interesting alternative explanation of your findings that should be considered in the discussion section of youor manuscript.

We would appreciate receiving your revised manuscript by Mar 06 2020 11:59PM. When you are ready to submit your revision, log on to <https://www.editorialmanager.com/pone/> and select the \'Submissions Needing Revision\' folder to locate your manuscript file.

If you would like to make changes to your financial disclosure, please include your updated statement in your cover letter.

To enhance the reproducibility of your results, we recommend that if applicable you deposit your laboratory protocols in protocols.io, where a protocol can be assigned its own identifier (DOI) such that it can be cited independently in the future. For instructions see: <http://journals.plos.org/plosone/s/submission-guidelines#loc-laboratory-protocols>

Please include the following items when submitting your revised manuscript:

A rebuttal letter that responds to each point raised by the academic editor and reviewer(s). This letter should be uploaded as separate file and labeled \'Response to Reviewers\'.A marked-up copy of your manuscript that highlights changes made to the original version. This file should be uploaded as separate file and labeled \'Revised Manuscript with Track Changes\'.An unmarked version of your revised paper without tracked changes. This file should be uploaded as separate file and labeled \'Manuscript\'.

Please note while forming your response, if your article is accepted, you may have the opportunity to make the peer review history publicly available. The record will include editor decision letters (with reviews) and your responses to reviewer comments. If eligible, we will contact you to opt in or out.

We look forward to receiving your revised manuscript.

Kind regards,

Mark W. Greenlee

Academic Editor

PLOS ONE

\[Note: HTML markup is below. Please do not edit.\]

Reviewers\' comments:

Reviewer\'s Responses to Questions

**Comments to the Author**

1\. If the authors have adequately addressed your comments raised in a previous round of review and you feel that this manuscript is now acceptable for publication, you may indicate that here to bypass the "Comments to the Author" section, enter your conflict of interest statement in the "Confidential to Editor" section, and submit your \"Accept\" recommendation.

Reviewer \#1: (No Response)

Reviewer \#2: All comments have been addressed

\*\*\*\*\*\*\*\*\*\*

2\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

3\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

4\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

5\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

6\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: 1. Figs 1-3, showing the stimuli and stimulus sequences are greatly improved; now very much clearer, so that\'s a major improvement.

2\. The presentation of Expt 2, now with baselines illustrated, is also much improved.

3\. Many other changes were made, and they all seem fine, and the paper is much clearer as a result.

4\. But I do have some comments on the broader interpretation of the results that I think need to be addressed, if only briefly:

In the Discussion, L 392-5, we read: \"The adapting stimulus, a high contrast vertical grating patch, was presented under identical neutral attention conditions in all conditions (and \[it was presented\] prior to task performance). Our experiment measured effects of the secondary task on the decay of adaptation produced under this common condition.\" This point is clear, and important, but easy to miss. To express it in other words, and rather more specifically, I think your results show that:

performing the grating task caused adaptation to recover \*more quickly\* than in the fixation task (Fig 8A, right panel). i.e. the observed effect on decay of adaptation was to speed it up.

This implication of the results seems to me important, but not at all salient in the paper. The message that comes through more strongly in the paper, repeated several times in similar words, is this (L.403): \"the Grating Task reduced overall adaptation.\" And similarly in the Abstract: \"Tilt-aftereffects were smaller when subjects concurrently performed the grating task than when they performed the fixation task. These results suggest that the control of adaptation is sensitive to task, and that adaptation is reduced when it interferes with performance.\"

It was becoming quite mysterious to me how the task could influence the level of adaptation induced before the task had even begun. It might perhaps have been an influence from the previous task block on subsequent adaptation. But the idea that the secondary task could influence the recovery process rather than the initial adaptation process seems eminently more plausible, since the task and the recovery co-exist in time. And indeed it has been known for a good while that the recovery time from contrast adaptation is variable, and not a fixed \'time constant\'. Greenlee et al (1991) found that recovery time after contrast adaptation increased roughly in proportion to adapting duration, even though the initial level of threshold elevation showed little dependence on adapting duration. The strength of adaptation, and its persistence, were dissociable and depended on adapting contrast, and adapting duration respectively. More recent papers by Engel & colleagues have reported other more complex findings on the timescale of adaptation and recovery.

The present paper wants to conclude (in its title) that \"Adaptation is weaker when it harms task performance\". But actually there is no evidence (is there?) for a causal connection between the loss of performance in the grating task and the quicker recovery of adaptation that accompanies the grating task. They are correlated but the link might not be causal. Perhaps a more accurate summary one-liner would be: \"Adaptation recovers more quickly when you attend to a low contrast grating than when you don\'t\". The authors dismiss a related idea by arguing that extra adaptation caused by attending to the task grating could only increase the level of adaptation, not decrease it (L 395-402).

But consider the following. What causes adaptation to recover quickly or slowly ? There are no detailed models of this, I think, but one general and widely considered idea is that contrast gain controls should accumulate evidence about the range of contrasts in the world and set levels of gain accordingly. Even the salamander\'s retina does this sort of thing\... This raises interesting questions about how long to accumulate the evidence and when to discard old evidence in favour of new. Could it be that the low-contrast test grating provides evidence that the \'current\' contrast range is now lower and so requires higher contrast gain than before (ie higher than in the contrast-adapted state). This rise in gain is seen in the data as quicker recovery. \[Relatedly, Kwon, Legge et al (2009, JoV) found that exposure to a low contrast world (through a monocular goggle), caused contrast detection to improve and contrast gain to rise, albeit on rather a long timescale.\]

This idea that low contrasts might contribute to resetting contrast gain is of course speculative, but seems at least as plausible as the account offered here under the heading of \"Adaptation is weaker when it harms task performance\".

I\'d like to see at least some discussion of these points. I\'m happy for the authors to ignore my speculations if they wish, but I think the idea that the loss of grating task performance had little directly to do with the quicker recovery does need addressing. In short, attending to the task grating might itself cause quicker recovery from adaptation.
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Reviewer \#1:

We thank the reviewer for the thoughtful and important comments. We have addressed them carefully, and the manuscript has benefitted greatly.

Comment: \"\...performing the grating task caused adaptation to recover \*more quickly\* than in the fixation task (Fig 8A, right panel). i.e. the observed effect on decay of adaptation was to speed it up.\"

Response: We agree completely, and have revised the manuscript extensively to emphasize this point. We now refer to more rapid decay of adaptation throughout.

Comment: \"Perhaps a more accurate summary one-liner would be: \"Adaptation recovers more quickly when you attend to a low contrast grating than when you don\'t\". The authors dismiss a related idea by arguing that extra adaptation caused by attending to the task grating could only increase the level of adaptation, not decrease it (L 395-402). But consider the following. What causes adaptation to recover quickly or slowly? There are no detailed models of this, I think, but one general and widely considered idea is that contrast gain controls should accumulate evidence about the range of contrasts in the world and set levels of gain accordingly. Even the salamander\'s retina does this sort of thing\... This raises interesting questions about how long to accumulate the evidence and when to discard old evidence in favour of new. Could it be that the low-contrast test grating provides evidence that the \'current\' contrast range is now lower and so requires higher contrast gain than before (ie higher than in the contrast-adapted state). This rise in gain is seen in the data as quicker recovery.

Response: This is an important and interesting theoretical point, and we thank the reviewer for raising it. We have extensively modified the discussion of the paper to address this concern. An overview is: The \"standard\" model of the interaction between attention and adaptation in the literature is that 1) attention increases gain of neurons in early visual cortex, and 2) this should produce increased response to an attended stimulus, which 3) predicts an increase in adaptation when the adapter is attended. This model is actively debated with some amount of evidence on both sides. The point we want to make in discussion is that this model cannot account for our data, and we think this argument still holds.

The reviewer also makes a different point, which is that attention can modify the \>control\< of adaptation independently from its effects on the stimulus. To take the reviewer\'s example, if we attend to low contrast, this fact may be better communicated to whatever neurons control attention, and gain may accordingly be reduced. This is precisely the sort of model we wished to support in our paper, and we apologize that this was not communicated more clearly. We consider attentional control of adaptation a mechanistic account of how task performance can affect adaptation rather than an independent alternative hypothesis. Regarding the title and causality, we prefer to leave task in the title, since after all, task was our independent variable. The relevant part of the discussion now reads:

More generally, because the visual display was identical in both task conditions, our results also indicate that adaptation is not determined by the stimulus alone. This interpretation agrees with past work showing that changing visual attention can influence the amount of adaptation a given stimulus produces (e.g. Keller et al., 2017; Bartlett, Graf, Hedger, & Adams, 2019). Whether attention can affect adaptation, and by how much, remains a topic of some debate (Bartlett, Graf, Hedger, & Adams, 2019, Morgan and Solomon, 2019). Both sides of this debate assume a similar "standard" model of how attention and adaptation interact: Attention strengthens certain neural responses to the attended stimuli in early visual cortex, and these larger responses in turn produce greater amounts of adaptation.

This standard model cannot explain our results. The adapting stimulus, a high contrast vertical grating patch, was presented under identical neutral attention conditions in all conditions (and prior to task performance). Our experiment measured effects of the secondary task on the decay of adaptation produced under this common condition. It is theoretically possible, however, that attention influenced some amount of adaptation arising from the secondary task display itself. But such effects are not likely to play a role in our results, since they would be expected to go in the opposite direction from what we observed. In the Grating Task, attention to the grating should boost the neural response it produces, which would be expected to produce adaptation that decreases response to subsequent low-contrast stimuli. Such an effect would be in the same direction as that produced by the high contrast adapting grating, and so should enhance the overall amount of adaptation seen. Importantly, the effect we observed was opposite to this---the Grating Task reduced overall adaptation.

Attention is, however, a potential mechanism through which task could affect adaptation. In the Grating Task, for example, attention to the low contrast grating could increase the amount of adaptation to that grating. Adaptation to low contrast generally produces the opposite effect of adaptation to high contrast (e.g. Zhang et al., 2009), and so would raise the gain of neurons whose gain responsiveness was reduced by the initial adaptation, causing more rapid decay of the TAE.

Note that this account proposes a gating effect of attention, on adaptation, which differs from the standard model discussed above. Functionally, this attention-mediated, task-based adaptation to low contrast could serve to center the response to the grating on the steep part of the responding neurons' contrast response curve (e.g. Barlow et al., 1976). Alternatively, the same adaptation might be characterized as increasing the signal-to-noise of the most important information for the task (e.g. Solari and Serences, 2009). These accounts are not mutually exclusive.
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Dear Dr. Engel,

We are pleased to inform you that your manuscript has been judged scientifically suitable for publication and will be formally accepted for publication once it complies with all outstanding technical requirements.

Within one week, you will receive an e-mail containing information on the amendments required prior to publication. When all required modifications have been addressed, you will receive a formal acceptance letter and your manuscript will proceed to our production department and be scheduled for publication.

Shortly after the formal acceptance letter is sent, an invoice for payment will follow. To ensure an efficient production and billing process, please log into Editorial Manager at <https://www.editorialmanager.com/pone/>, click the \"Update My Information\" link at the top of the page, and update your user information. If you have any billing related questions, please contact our Author Billing department directly at <authorbilling@plos.org>.

If your institution or institutions have a press office, please notify them about your upcoming paper to enable them to help maximize its impact. If they will be preparing press materials for this manuscript, you must inform our press team as soon as possible and no later than 48 hours after receiving the formal acceptance. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information, please contact <onepress@plos.org>.
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Dear Dr. Engel:
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